The immune mechanisms that provoke concomitant inflammation of synovial joints and cardiac valves in disorders such as rheumatic fever and systemic lupus erythematosus remain poorly defined. Here, we report the discovery of spontaneous endocarditis-in addition to their well-studied autoimmune arthritis-in K/BxN T cell receptor (TCR) transgenic mice. The same adaptive immune system elements were required for initiation of arthritis and endocarditis, and both diseases were dependent on autoantibodies. In contrast, the participation of key innate immune system molecules and perhaps T cells as effectors of inflammation differed between the 2 target tissues. Arthritis in K/BxN TCR transgenic mice depended primarily on complement C5 and not FcR␥-using receptors; conversely, endocarditis depended essentially on FcR␥ receptors and not C5. Elucidating how a single systemic autoimmune disease engages distinct immune effector pathways to damage different target tissues is essential for optimizing the treatment of such disorders.
M
any systemic autoimmune diseases affect both the synovial joints and the cardiovascular system. For example, rheumatoid arthritis and systemic lupus erythematosus (SLE), often entailing inflammatory arthritis, lead to increased risk for coronary artery disease (1, 2) . Inflammation of the cardiac valves occurs in rheumatic fever following streptococcal infection (rheumatic carditis), and in SLE and the related antiphospholipid syndrome (Libman-Sacks endocarditis) (3). The immune mechanisms by which these autoantibody-associated diseases cause inflammation of synovial and endothelial tissues remain unclear.
Analyses of tissues from patients with rheumatic or autoimmune endocarditis provide descriptive rather than mechanistic insight into pathogenesis (4) . Unfortunately, most existing animal models of rheumatic carditis depend on immunization with a foreign antigen such as streptococcal M protein or with its proposed mimic, cardiac myosin, and produce both endocarditis and myocarditis, but not arthritis (5) . The proposed pathogenesis of endocarditis in these animal models involves 2 main steps: antibody-initiated damage and activation of the endothelium, followed by T-cell infiltration (5) . A more accurate animal model comprising both endocarditis and arthritis would be very valuable for mechanistic dissections.
The K/BxN mouse model has afforded key insights into the pathogenesis of autoantibody-induced arthritis. In these mice, T lymphocytes bearing a transgene-encoded T-cell receptor (TCR) termed KRN recognize self-peptides derived from glucose-6-phosphate isomerase (GPI) and presented by the major histocompatibility complex (MHC) class II molecule A g7 from the NOD mouse strain (6, 7) . Autoreactive KRN T cells stimulate GPI-reactive B lymphocytes, leading to production of anti-GPI autoantibodies and the development of arthritis. Passive transfer of anti-GPI autoantibodies provokes arthritis in recipient mice, and depends primarily on innate immune system cells and molecules (8) . The effector molecules required for K/BxN serum-transferred arthritis include the alternative pathway of complement and Fc␥ receptors (9, 10) , both also required for arthritis induced by injection of anticollagen antibodies (11, 12) , suggesting common pathways by which antibodies provoke synovial inflammation. Here we show that the heart is a second target organ in arthritic K/BxN TCR transgenic mice and provide evidence for different immunopathogenic mechanisms in the 2 target tissues.
Results
Based on the coexistence of arthritis and endocarditis in several human autoantibody-associated disorders, we asked whether K/BxN TCR transgenic mice, with high-titer autoantibodies and arthritis, might also have cardiac inflammation. Indeed, we discovered mitral valve inflammation in essentially all of them (Fig. 1A) . Occasional K/BxN mice had mild aortic valve inflammation, but involvement of the tricuspid and pulmonary valves was not observed. In contrast, transgene-negative (BxN) littermates had no cardiac valve inflammation. As has been described in patients with rheumatic carditis or Libman-Sacks endocarditis (13) (14) (15) , complement C3 and Ig were bound to the inflamed mitral valves of K/BxN mice ( Fig. 1 B and C) . In addition, the myocardium of some of them contained collections of cells resembling the Aschoff nodules and Anitschkow cells characteristic of rheumatic carditis (Fig. 1D) (16) . The temporal development of endocarditis paralleled the course of arthritis in this model (6) , becoming evident around 3 weeks of age and progressively worsening [supporting information (SI) Fig. S1 ].
The inflammatory mitral valve infiltrate in K/BxN mice was composed predominantly of macrophages and T lymphocytes, including T cells bearing the KRN transgene-encoded TCR V␤6 subunit (Fig. 1E ). Although some CD8ϩ T cells were present, most of the infiltrating cells expressed CD4. We did not detect B cells in the inflamed valves. This predominance of T cells and macrophages is similar to the infiltrate in human rheumatic carditis (4) . Notably, though synovial fluid of K/BxN mice contains primarily neutrophils (6), we did not detect this cell type in the inflamed valves.
We took advantage of the genetic manipulability of the K/BxN TCR transgenic mouse system to dissect the immunologic re- quirements for the development of autoimmune endocarditis. As with arthritis, cardiac valve inflammation required both the KRN TCR transgenes and the NOD-derived MHC class II molecule A g7 . No other NOD-derived genes were needed, because KRN/C57BL/6 mice expressing congenic A g7 also developed endocarditis ( Fig. 2A) . B cells were required for the development of cardiac valve inflammation (Fig. 2B ), as they are for arthritis (6) , because K/BxN mice carrying the MT mutation got neither disease. Similarly, CD40 was needed for the development of both arthritis (8) and endocarditis (Fig. 2C ). T-cell activation was unimpaired in CD40-deficient K/BxN mice (8) , suggesting that the lack of endocarditis in these animals reflected impaired T/B cell interaction, compromising both antibody isotype switching and autoantibody production, as is the case with arthritis (8) . Thus, several of the same elements of the adaptive immune system critical for the initiation phase of arthritis in K/BxN mice were also required for their endocarditis.
To investigate the effector pathways of endocarditis, we generated KRN TCR transgenic mice lacking either of the 2 major effector pathways by which autoantibodies mediate pathology in K/BxN serum-transferred arthritis: complement activation and Fc receptor binding (17, 18) . The alternative pathway of complement activation is required for K/BxN serumtransferred arthritis, acting primarily through production of the anaphylatoxin C5a, so mice lacking C5 or the C5a receptor are resistant to serum-transferred disease (9) . Here, we took advantage of a naturally occurring mutation of the C5 gene that causes C5 deficiency in NOD mice and other strains (19) . B6 mice with a congenic NOD-derived interval containing the C5-deficient allele were generated and bred with KRN/B6 mice, and the resulting KRNϩ C5-heterozygous progeny were mated with NOD animals to produce C5-sufficient (heterozygous for the mutation) and C5-deficient K/BxN TCR transgenic mice. The absence of C5 resulted in less severe arthritis (Fig. 3A) , without affecting anti-GPI autoantibody titers (Fig. S2 A) . In contrast, it had no observable effect on the severity of cardiac valve inflammation in the same animals ( Fig. 3 B and C) . To ensure that the decrease in arthritis severity reflected an effect of C5 deficiency and not a deficit in other elements encoded in the NOD-derived congenic interval, we treated 3-week-old K/BxN mice with an anti-C5 monoclonal antibody. Arthritis severity was reduced without affecting cardiac valve inflammation (Fig. S3 ), recapitulating the C5-deficiency phenotype.
The other main pathway by which autoantibodies provoke inflammation is by binding to Fc receptors. The activating IgG Fc receptors in mice (Fc␥RI, Fc␥RIII, and Fc␥RIV) share the common gamma cytoplasmic signaling chain, FcR␥ (Fcer1g), which is required for K/BxN serum-transferred arthritis (9, 10, 20) . Intriguingly, a homozygous null mutation of FcR␥ in K/BxN TCR transgenic mice had little or no effect on arthritis (Fig. 3D) , whereas the development of endocarditis was substantially impaired ( Fig. 3 E and F) . Anti-GPI titers were equivalent in FcR␥-sufficient and FcR␥-deficient animals (Fig. S2B ). Binding of complement or Ig was not observed in the noninflamed mitral valves of FcR␥-deficient mice, whereas it was unimpaired in C5-deficient mice (Fig. S4 ), suggesting that FcR␥-mediated binding of Ig might initiate local immune complex deposition. We then asked whether valve pathology could be elicited by simple transfer of K/BxN serum, which readily provokes arthritis in recipient mice (8) . This proved impossible, even under exaggerated conditions in which mice were given multiple serum injections over many weeks (Fig. S5) . We therefore turned to cell-transfer systems to provide mechanistic insights. Reconstitution of irradiated 7-week-old Rag-1-deficient B6 or BxN mice with bone marrow from K/BxN donors resulted in arthritis and endocarditis in all recipients (Fig. 4 A and C) . The fact that the recipient mice were adults suggests that there is no unique window of susceptibility of the cardiac valves of neonatal or young mice to autoimmune attack. Also, the A g7 MHC class II molecule that is the restriction element of the KRN TCR need not be expressed on the valve endothelium to cause carditis (or analogous joint cells to provoke arthritis), because Rag-1-deficient B6 mice reconstituted with K/BxN bone marrow express A g7 only on bone marrow-derived cells.
We also attempted to provoke endocarditis by transferring mature splenocytes from KRN/B6 (K/B) mice or K/BxN mice into TCR␣-deficient BxN recipients. Both groups of mice developed robust arthritis (Fig. 4B) ; however, fewer than half of the mice showed endocarditis, irrespective of the source of donor splenocytes (Fig. 4C) . Endocarditis was less penetrant and less severe than in the bone marrow cell recipients, despite that the splenocyte recipients had a faster onset of arthritis, longer duration of arthritis before sacrifice (contrast Fig. 4 A and B) , and higher anti-GPI IgG titers 6-8 weeks following cell transfer (Fig. 4D) . These data suggest that the presence of an autoimmune response capable of producing high-titer anti-GPI autoantibodies and prolonged, severe arthritis does not necessarily result in endocarditis-some other factor(s) must be at work.
Discussion
Several human autoantibody-associated rheumatic diseases affect both the synovial joints and the cardiac valves (3). We have shown that TCR transgenic K/BxN mice develop endocarditis in addition to their well-described arthritis (6) . The inflammatory heart disease in K/BxN mice shares several histopathologic similarities with endocarditis observed in human rheumatic conditions, including, predominantly, mitral valve inflammation, infiltration of lymphocytes and macrophages, and the presence of bound complement and Ig. K/BxN mice therefore offer a powerful model for dissecting how systemic autoimmunity provokes inflammation in these 2 target tissues.
Autoimmunity in K/BxN mice occurs in 2 phases: an initiation phase in which a breach of self-tolerance occurs, leading to the generation of autoantibodies, followed by an effector phase in which pathogenic autoantibodies and perhaps T cells provoke tissue inflammation (6, 8) . The initiation phase depends on components of the adaptive immune system, including the KRN transgenic TCR, MHC class II molecule I-A g7 , B cells, and CD40 (6, 8) . Our findings that these same cells and molecules are required for inflammation in both the joints and the cardiac valves therefore suggests that the initiation phase of autoimmunity is common to both target organs. Once initiated, however, that systemic autoimmune response engages different immune effector mechanisms to provoke pathology in the joints versus the heart. Specifically, we have shown that complement C5 contributes to the pathogenesis of arthritis but not endocarditis in K/BxN mice. A role for C5 in arthritis in K/BxN TCR transgenic mice is not surprising, based on the known requirements for C5a and its receptor in K/BxN serum-transferred arthritis (9). C5 was not required for the development of endocarditis in K/BxN mice. One possibility is that a C5a chemotactic gradient cannot be established in the heart simply due to the high velocity of blood flow; any potential contribution of C5 to the development of endocarditis is literally washed away. This finding that C5 was dispensable for the development of endocarditis was unexpected however in view of our finding that C3, the molecule immediately upstream of C5 in the complement cascade, was deposited on the inflamed cardiac valves of K/BxN mice (and also C5-deficient K/BxN mice). Two interpretations are possible: C3 might be deposited on the valve surface but not be required for inflammation, or bound C3 might provoke inflammation via a C5-independent mechanism, perhaps by engagement of cellular receptors for C3 or its cleavage products. Differentiating these possibilities definitively will require the generation of C3-deficient K/BxN mice, a task complicated by the chromosomal proximity of the C3 gene locus to the mouse MHC (encoding the required I-A g7 molecule). Nonetheless, it is clear that C5 is important for the development of arthritis but dispensable for the pathogenesis of endocarditis in K/BxN mice.
Conversely, the common gamma subunit of activating Fc receptors, FcR␥, is required for endocarditis but not arthritis in K/BxN TCR transgenic mice. That arthritis can develop normally in the absence of FcR␥ (and to a lesser degree in the absence of C5) in K/BxN transgenic mice, whereas deficiency of either molecule completely abrogates serum-transferred arthritis, likely reflects the Ϸ10-fold higher anti-GPI antibody titers in the transgenic animals, and implies some redundancy in these antibody-driven inflammatory pathways (9, 10 gether with the fact that B cells are also required for endocarditis, suggests that the binding of autoantibodies to the valve endothelium elicits pathology via interaction with activating Fc receptors. We have provided 2 lines of evidence, however, that these bound autoantibodies alone might not be sufficient to induce endocarditis. First, passive transfer of serum from K/BxN mice reliably induced arthritis but not endocarditis. Second, adoptive transfer of splenocytes from K/B or K/BxN mice consistently induced arthritis and high-titer anti-GPI antibody titers, but only infrequently caused endocarditis. A working model in which autoantibodies ''activate'' the valve endothelium, and then other effectors (e.g., FcR-bearing cells and perhaps T cells) infiltrate the valve to provoke endocarditis (5) is consistent with the data we present here. This multistep model can also explain why common conditions such as viral infections that lead to the formation of circulating immune complexes do not typically provoke endocarditis-a specific cellular immune response in the valves might also be necessary. Our finding that endocarditis is more easily induced by transfer of bone marrow cells than by transfer of splenocytes sheds light on how T cells might contribute to the development of endocarditis. One way to explain the different results with the 2 transfer systems is that the T-cell responses engendered in the 2 contexts differ in some way, impacting on the development of endocarditis. One notable difference between bone marrow cell and splenocyte transfer is that the former results in continued production of new lymphocytes of diverse repertoire, whereas the repertoire in the latter case is more restricted. It may be that a minority T-cell population, perhaps even one with a non-KRN TCR specificity, is needed for endocarditis. Differences in cytokine profiles or other phenotypic features are also possible. For example, it has recently been demonstrated that transfer of committed CD4 ϩ T cells into lymphopenic hosts (as in our splenocyte transfer experiments) can result in reprogramming of the cytokine expression pattern of the transferred cells (21); homing properties are also known to change (22) . It should also be kept in mind that other explanations, e.g., related to antibody affinity or isotype, remain possible instead, or in addition. Dissecting these possibilities is expected to provide additional insight regarding the pathogenesis of autoimmune endocarditis.
K/BxN mice represent the first genetically tractable animal model of coexisting autoantibody-induced arthritis and endocarditis, affording new insights into the mechanisms by which systemic autoimmunity can provoke endothelial inflammation. This model has revealed differential contributions of key inflammatory effector pathways in different target organs, in the context of the same systemic autoimmunity: complement C5 contributes to the development of arthritis but not of endocarditis, whereas FcR␥ is critical for endocarditis but not arthritis. In a way, this finding is conceptually reminiscent of the different pathogenic pathways mediating diabetes (fas and perforindependent) versus neuropathy (IFN-␥ dependent) in NOD and B7-2-deficient NOD mice, respectively (23), although those organ-specific diseases do not occur spontaneously in the same mouse as do arthritis and endocarditis in K/BxN mice. Thus, a single systemic autoimmune disease can damage different tissues via distinct immunopathogenic mechanisms.
Materials and Methods
Mice. KRN TCR transgenic, C57BL/6.H2 g7 (B6.g7), NOD/LtJ, CD40 (Tnfsrf5)-deficient NOD, MT (Igh-6)-deficient, and TCR-␣-deficient NOD mice were bred in our specific-pathogen-free colonies. C57BL/6.C5 NOD congenic mice containing the NOD-derived interval containing 35.4 Mb (C5) to 38.4 Mb (MO2.125) of chromosome 2 were generated and backcrossed 12 generations to C57BL/6. FcR␥ (Fcer1g)-deficient mice on the C57BL/6 background (24) were purchased from Taconic. C57BL/6J, CD40 (Tnfsrf5)-deficient C57BL/6J (25) , MT (Igh-6)-deficient C57BL/6J mice (26), TCR-␣-deficient C57BL/6 (27), Rag-1-deficient C57BL/6J and Rag-1-deficient NOD (28) Measurement of Anti-GPI Titers and Assessment of Arthritis. Anti-GPI titers were measured, and arthritis was assessed as described (29, 30) .
Histology. Except where indicated, 8-week-old mice were used for analysis of cardiac valve histopathology. Routine histological techniques were used for paraffin sections of formalin-fixed hearts or of hearts frozen in optimal cutting temperature (OTC) compound. Slides were stained with hematoxylin/ eosin by standard protocols. The maximal thickness of mitral valves was determined by examining serial sections from each heart; for the section displaying the most inflamed mitral valve for each heart, the mitral valve was measured at its thickest point using DP-BSW software (Olympus).
Immunofluorescent Staining. After blocking Fc receptors with 2.4G2 antibody, frozen sections were stained with biotinylated antibodies. Antibodies recognizing B220 (RA3-6B2), CD11b (M1/70), CD4 (RM4 -5), CD8alpha (53-6.7), TCR beta (H57-507), Gr-1 (RB6 -8C5), Vb6 (RR4 -7), VCAM (429), and appropriate isotype control antibodies were all from BD Biosciences. Biotinylated anti-F4/80 (BM8) was from eBioscience. Antibodies were detected with the Vectastain ABC-AP kit with Vector Red Substrate I (Vector Labs), and slides were counterstained with DAPI to detect nuclei. Complement C3 was detected with FITC-labeled monoclonal antibody (RMC11H9; Cedarlane Labs) and bound Ig was detected with Texas Red conjugated F(abЈ)2 anti-mouse IgG (Jackson ImmunoResearch). Slides were viewed on an Olympus BX51 fluorescent microscope equipped with a digital camera and DP-BSW software (Olympus).
Splenocyte and Bone Marrow Transfers. For bone marrow transplants, Rag1-deficient 7-week-old recipient mice were irradiated with 900 Rad. Four hours after irradiation, 1 ϫ 10e6 bone marrow cells from K/BxN donor mice were injected intravenously. Splenocyte transfers were performed as described (8) . The splenocytes were injected intravenously into unirradiated TCR-␣-deficient BxN F1 recipients. Hearts were harvested for histologic analysis 6 -8 weeks following bone marrow or splenocyte transfer.
Anti-C5 Antibody Treatment. K/BxN mice were given 0. 
